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Abstract
Since the discovery in 1977 of deep-sea hydrothermal vents, they have been shown to host
unique but diverse biological communities, despite the dark, barren ocean-floor settings in
which they exist. Recent research has indicated that the production by fault systems of
abundant reducing agents such as hydrogen possibly sustains the microbial communities in
these chemoautotrophic ecosystems. High-pressure and high-temperature hydrothermal
experiments, and friction experiments, have resulted in the development of important
new experimental apparatuses. A batch-type (closed) experimental system that creates
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equilibrium conditions has contributed greatly to our understanding of sub-seafloor hydro-
thermal reactions. Flow-type experimental systems have allowed investigation of natural
systems under non-equilibrium conditions. Friction experiments have recently been devel-
oped to better understand generation of the hydrogen that makes fault systems habitable by
primary producers. These experiments suggest that microbial ecosystems sustained by chem-
ical energy derived from fault systems might be widely distributed within oceanic crust.
Moreover, flow-type systems that can be used to simulate natural hydrothermal environments
that include crustal aquifers might provide insights into the ecological significance of
microorganisms and their global contribution to biogeochemical cycles in the ocean and crust.
Here we describe hydrothermal and friction experiment systems that we developed
during our Trans-crustal Advection and In-situ biogeochemical processes of Global sub-
seafloor Aquifer (TAIGA) project, and consider the application of some of them to explore
the interactions among rocks, fluids, and microbes. For this purpose, our original data
obtained in the experiment of interaction between basalt and water in the flow-type system
was also included.
Keywords
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7.1 Introduction
Hydrothermal experiments using a gun barrel were first
undertaken in the 1850s. These experiments determined the
solubilities of minerals and investigated their growth
mechanisms. Since then, researchers on ore genesis have used
experimental apparatuses to investigate the alteration of wall
rocks and its relation with hydrothermal gold mineralization.
Hydrothermal interactions between seawater and the lith-
osphere strongly influence the chemistry of the oceans and
control heat exchange between the lithosphere and hydro-
sphere (Alt 1995). The discovery of deep-sea hydrothermal
vents at the Galapagos Spreading Center in 1977 (Corliss
et al. 1979; Spiess et al. 1980) inspired much interest in
deep-sea hydrothermal systems from scientists in various
fields. Gold proposed that microbial ecosystems are widely
distributed in sub-seafloor aquifers (Gold 1992). The exis-
tence of sub-seafloor ecosystems has been verified by bio-
chemical analyses of samples collected during deep ocean-
floor drilling (Cowen et al. 2003; Kimura et al. 2003;
Higashi et al. 2004; Nakagawa et al. 2004; Hara et al.
2005; Huber et al. 2006). These studies have shown that
hydrothermal vents and deep sea low-temperature springs
host diverse biological communities that are sustained by the
production of reducing agents such as hydrogen, methane,
sulfur, and iron (the TAIGA systems; see Chap. 1), despite
the dark, barren ocean-floor settings in which they live
(Kelley et al. 2005; Nealson et al. 2005; Takai et al. 2006).
These chemoautotrophs obtain energy from the chemical
potential between reducing agents in hydrothermal/spring
solutions and oxidizing seawater.
Although various types of hydrothermal fluids with dif-
ferent chemistries issue from the ocean floor (Kelley et al.
2005), such fluids in abyssal hydrothermal systems have
been proposed as nurturers of the earliest microbial
ecosystems. The Rainbow and Kairei fields on the Central
Indian Ridge are extremely enriched in H2 (Takai et al.
2004; Gallant and Von Damm 2006; Kumagai et al. 2008)
and host a phylogenetically primitive ecosystem (Yanagawa
and Kojima 1985; Russell and Hall 1997). However,
because opportunities for investigative cruises have been
limited, laboratory experiments have been used effectively
to considerably increase our knowledge of the chemistry of
hydrothermal vents. An advantage of an experimental
approach is that it allows examination of the processes and
interactions among hydrothermal solutions, rocks, fault
systems, organic matter, and microbial communities by
simulating the hydrothermal conditions beneath the seafloor.
However, simulating the physical and chemical conditions
of seafloor hydrothermal systems in the laboratory is chal-
lenging (Seewald 1994; Seyfried et al. 1998). Hydrothermal
experiments must be designed to withstand high fluid
pressures (up to 50 MPa) and permit temporal monitoring
of changes in the composition of fluids coexisting with
complex mineral assemblages over a wide range of reaction
temperatures. Closed batch-type experimental systems have
been used to simulate hydrothermal conditions for several
decades (Thornton and Seyfried 1987; Seyfried and Ding
1993), and flow-through systems have more recently been
designed to study this environment (Normand et al. 2002).
In 2008, we commence the multi-disciplinary TAIGA
(Trans-crustal Advection and In-situ biogeochemical
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processes of Global sub-seafloor Aquifer) project, which
focuses on interactions among the lithosphere, hydrosphere,
and biosphere by examining fluid circulation systems
beneath the seafloor. TAIGA is a multi-disciplinary project
that uses geophysics (to investigate crustal structure),
petrology, geochemistry, microbiology, and laboratory
experiments. During the TAIGA project, we developed var-
ious experimental systems. In this review, we discuss those
apparatuses and others used in hydrothermal and friction
experiments, and consider the application of some of them
to reveal mechanisms of interaction among rocks, fluids, and
microbes. Hydrothermal and frictional experimentation is
very much dependent on the development of new experi-
mental apparatuses and techniques, which have been used to
achieve successful simulations of various sub-surface
conditions in hydrothermal and fault systems. We first
describe the two types of apparatus that have been used in
hydrothermal experiments (closed batch-type and flow-
through devices) and then describe the frictional experiment
(simulated fault) system.
7.2 Hydrothermal Experimental Apparatus
7.2.1 Batch-Type Systems
The first known hydrothermal experiment was conducted
using a gun barrel (Se´narmont 1851). Typical modern hydro-
thermal apparatuses are the cold-seal type developed by
Tuttle (1948, 1949) and an apparatus developed by Morey
and Ingerson (1937) and Morey (1942). Tuttle’s cold-seal
autoclave had a small reaction cell (less than a few tens of
milliliters) with a seal outside the furnace (cold seal), and it
could be used at temperatures up to 1,200 C and pressures
of 100–200 MPa. The autoclave designed by Morey and
co-workers had a larger cell (more than 250 mL), with
metal packing and a Bridgeman seal (Bridgeman 1949),
and it could be used at temperatures above 400 C. An
autoclave with an even larger volume (up to 1,000 mL)
and a flat flange seal designed by Barnes (1963, 1971) was
equipped with a rocking system to promote the rock–water
reaction and used the first, simple in situ sampling system.
This system was frequently used for experiments on alter-
ation of rocks during investigations of ore genesis.
7.2.1.1 Dickson-Type Autoclave
Dickson et al. (1963) designed the autoclave that is most
commonly used today, and significant progress has been
made in hydrothermal experiments using it. The Dickson-
type autoclave is made of Inconel alloy, which is corrosion
resistant and retains adequate strength at elevated
temperatures and pressures. We used a Dickson-type auto-
clave in our TAIGA project at the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) to reproduce
hydrothermal conditions of up to 600 C and 60 MPa.
One of the characteristics of the Dickson-type apparatus is
that it has a flexible reaction cell in the metal autoclave
(Fig. 7.1) that allows in situ sampling of reacted solutions
without a significant decrease in the pressure within the cell.
Though the flexible cell gradually shrinks when sample
solution is removed, a pump provides a small continuous
flow of pressurized water within the autoclave to maintain
the pressure and temperature. Another advantage of the
Dickson-type apparatus is that the metal autoclave is isolated
from corrosive high-salinity reaction water. These features
have allowed researchers to make considerable progress in
understanding deep-sea hydrothermal systems (e.g., Berndt
et al. 1996; Seyfried et al. 1998, 2007; McCollom and
Seewald 2001, 2003a, b, 2007; Yoshizaki et al. 2009;
Shibuya et al. 2013). Because the reaction cell of the initial
system was made of Teflon (Dickson et al. 1963), the exper-
iment could only be performed at temperatures of less than
285 C, too cold to reproduce high-temperature hydrother-
mal reactions. A thin gold bag was later used for the reaction
cell (Rytuba et al. 1978), but it was difficult to seal the
sample and solution in the bag without creating a pin hole.
The use of a Ti head on the gold bag markedly improved
the Dickson-type hydrothermal experimental system
(Seyfried et al. 1979; Seyfried 1987) (Fig. 7.2). Because
titanium oxide is resistant to corrosion by seawater,
the surface of the Ti head is deliberately oxidized before
experimental use to avoid production of abundant H2 by
the reaction of Ti metal with seawater. Fluid samples can
be extracted from the reaction cell through a gold-lined tube
at any time during an experiment. The gold tube is inserted
into a stainless steel or Inconel tube, and both ends of the
gold tube are then expanded by heating with a torch such
that they cover the ends of the stainless steel or Inconel
tube (Fig. 7.3). To eliminate organic matter that will react
with hydrogen to produce methane, all of the materials that
will come into contact with the reaction fluid during the
experiment are baked in a muffle furnace at 500 C for 3 h
before use.
We used a batch-type system at JAMSTEC to reproduce
a komatiite hydrothermal system. We first synthesized
komatiite in a redox-controlled furnace (e.g., Yoshizaki
et al. 2009) and then pulverized the komatiite before placing
it in our experimental apparatus. Abundant hydrogen was
produced by the reaction of the komatiite with artificial
seawater at 350 C and 50 MPa (Yoshizaki et al. 2009).
We also conducted water–rock reaction experiments in the
presence of CO2 in a Dickson-type system (Shibuya et al.
2013). The reaction solution was a mixture of NaHCO3,
NaCl, 36 % HCl, and pure water. To avoid degassing of
CO2 by reaction of NaHCO3 and HCl before the reaction
cell was sealed, the NaHCO3 and HCl were separately
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loaded into the bottom and top, respectively, of the reaction
cell in addition to the basalt powder and NaCl solution being
loaded into the bottom. After the reaction cell was sealed, it
was shaken to dissolve and completely mix these reagents.
7.2.1.2 Batch Experiments to Investigate Amino
Acid Reactions During Interactions
of Sediments and Hydrothermal Solutions
To investigate the reactions of amino acids under deep-sea
hydrothermal conditions, we designed two batch-type auto-
clave reactors at Osaka City University. The first type used a
Teflon jar as the reaction vessel (25 mL) within a stainless
steel autoclave. A Teflon reaction vessel was chosen for ease
of handling and because it would not react with the reaction
fluids, but this choice limited the maximum reaction temper-
ature to 200 C. The system was not equipped with an in situ
sampling system; reacted samples were collected after the
experiment.
The second batch-type autoclave used a titanium reaction
vessel and lid (volume 160 mL) with an in situ sampling
system (Fig. 7.4) that allowed sampling of the solution
during the experiment. After a sample was placed in the
vessel, argon gas was flushed through the system to prevent
oxidation, and the vessel was tightly closed and heated by
a mantle heater to a maximum temperature of 300 C. Gold
mesh in the head of the sampling valve was used to prevent
contamination of the collected liquid phase by solids. The
temperature of the reactor was controlled and monitored
with a thermocontroller. Solutions were collected from the
reactor at predetermined time intervals without reducing
the temperature of the reactor vessel.
Reactors such as those described above provide a means
to observe dissolution of organic and inorganic matter from
rocks and sediments under various hydrothermal conditions.
These experimental systems have been used to observe the
behavior and dissolution processes of amino acids during
reactions between NaCl solutions and natural seafloor
sediments (Ito et al. 2006, 2009). Ito and co-workers
reported that amino acids were rapidly released from the
sediments and were then gradually decomposed in hydro-
thermal solution at temperatures above 150 C. Reactors
such as these enable observation under hydrothermal
conditions of the kinetic behavior and the stability of organic
matter such as amino acids, peptides, and proteins. For
example, comparison of the effect of heating of six amino
acids (Glycine, Serine, Glutamate, Lysine, Cysteine, and
Proline) under acidic and alkaline hydrothermal conditions
at 150 C for 3–168 h indicated that amino acids are
Fig. 7.1 Photo of Dickson-type autoclaves at JAMSTEC
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kinetically less stable under acidic conditions than under
alkaline conditions (Ito et al. 2006, 2009).
7.2.2 Flow-Type Systems
The advantage of flow-type systems over batch-type systems
is that they better simulate the water–rock interactions of
natural hydrothermal systems. In batch-type systems, the
chemical composition and pH of the reaction solution
change with time, whereas flow-type systems allow these
parameters to remain constant during an experiment.
A flow-type system was first designed in the 1950s, as
described by Williams-Jones et al. (1994). A simple, single-
path flow-type apparatus for measuring the solubility of
various minerals was designed for use in experiments on
the alteration of minerals during hydrothermal ore genesis
(Morey and Hesselgesser 1951; Morey and Chen 1955;
Morey and Fournier 1961). Other researchers have used
this single-path system to measure the solubility of magne-
tite, NiO, and UO2 (Seweeton and Baes 1970; Tremaine and
Leblanc 1980; Tremaine et al. 1981), to determine the
mobility of uranium in felsic volcanic rocks (Zielinski
1979), and to analyze serpentinization (Barnes et al. 1972).
A circulation path flow-type experimental system, which
was first designed by Barnes et al. (1983), has been used in
kinetic studies of mineral–water interactions (Charles and
Bayhurst 1983; Barnes and Gould 1992).
Fig. 7.2 Photos of Dickson-type
hydrothermal system showing
detail views of gold sample cell
with Ti lid
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The technical difficulties associated with the various
flow-type experimental apparatuses are generally greater
than those of batch-type apparatuses. With flow-type
apparatuses it is difficult to precisely control the tempera-
ture, pressure, and flow rate of the reaction solution. Redox
reaction conditions cannot be controlled or measured, and
obtaining material to construct the experimental apparatus is
problematic. The flow tubes in various components of flow-
type systems are commonly made of stainless steel alloys
(e.g., Hastelloy or Inconel) because of their resistance to
corrosion, ease of handling, and low cost. We built a flow-
type system with stainless steel flow tubes (described later).
When artificial seawater was used in that system, it caused
severe corrosion of the flow tubes and pressure gauges.
If high-salinity solutions such as seawater are to be reacted
in flow-type systems, the corrosion problem must be
addressed. One solution to this problem is to use titanium
steel for all parts of the apparatus that will be in contact
with high-salinity reaction solutions. However, the low heat
resistance of Ti steel is a disadvantage in this case. If
reaction temperatures and pressures lower than 100 C and
35 MPa are required, the use of tubes made of polyether-
etherketone (PEEK) resin may be possible, but an ideal
solution for this problem is yet to be identified. The problem
of corrosion was also encountered in hydrothermal
experiments using artificial seawater in the reactor system
for a microbial study (see Sect. 7.2). The concentrations of
chemical components such as Fe, Ni, and Cr in SUS 316
stainless steel or Hastelloy alloy C-276 reactors increased
considerably during these experiments, implying corrosion
of the reactor vessels by seawater under conditions of 400 C
and 40 MPa. Further modifications, such as gold plating of
the walls of the reaction vessel, are needed to reproduce
the environments experienced by microbial ecosystems in
deep-sea hydrothermal systems.
7.2.2.1 Flow-Type Experimental System
for Simulation of Water–Rock Interactions
A flow-type experimental system (Fig. 7.5) has been
installed at JAMSTEC to investigate water–rock inter-
actions. We used the twofold (outer and inner) reaction
tube of this system (Fig. 7.6) for our experiment. In this
system, reaction solution is transferred from a 10 L plastic
storage bottle into the inner tube of the reaction zone (red
line on Fig. 7.5), which is made of Ti to prevent corrosion
due to reaction with the solution. The outer tube surrounding
the reaction tube is filled with pure water pressurized by a
pump used for High Performance Liquid Chromatography
(HPLC). The pressures within the outer and inner (reaction)
tubes can be increased up to 100 MPa and are manually
balanced by using two back-pressure valves. The solid
rock sample is placed in the center tube and the reaction
solution is introduced at a maximum temperature of 500 C
and reacted with the rock sample and the cooled in a cold
bath. The reacted solution is extracted via the sampling tube
connected to the back pressure valve. A gas-tight syringe is
used to sample the gases (H2, CO2, CH4, and C2H6) in the
reacted solution for analysis using gas chromatography.
The reacted solution is also analyzed by inductively coupled
plasma atomic emission spectrometry (ICP-AES) and ion
chromatography for dissolved elements including Na, K,
Ca, and Cl. Because the sensors of the pressure gauges
Fig. 7.3 Photo of sampling tube with gold liner
A: Mantle heater, B: Lid, C: Reaction vessel,
D: Argon gas cylinder, E: Pressure gauge,
F: Sampling valve, G: thermocouple,
H: Controller and Recorder, I: Gascket (teflon
or aluminum), J: Solid sample, K: Liquid sample
Fig. 7.4 Schematic diagram of apparatus used for batch experiment to
examine amino acid reactions during interaction between sediments
and hydrothermal solutions
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Fig. 7.5 Photos of flow-type
experimental system developed
















Fig. 7.6 Schematic diagram
of flow-type experimental system
at JAMSTEC used for
simulations of water–rock
interactions
used are commonly made of easily corroded stainless steel
containing Cu, we covered the pressure sensor with a thin
corrosion-resistant plate to isolate it from the reaction
solution.
7.2.2.2 Flow-Type Experimental System
for Simulation of Microbial Ecosystems
in a Deep-Sea Hydrothermal Vent System
Our current understanding of the ecology of hydrothermal
vent systems is severely limited by the difficulty of obtaining
adequate quantities of samples at appropriate spatial and
temporal intervals. Microbial consortia consisting mainly
of Bacteria and Archaea have been found in hydrothermal
deposits (such as black smoker chimneys) and close to
hydrothermal systems, for example, in areas where plumes
of hot hydrothermal waters mix with cold ambient seawater,
and in the mixing zone below the seafloor. Both culture-
dependent and culture-independent approaches have
provided inventories of microbial diversity at various deep-
sea vent fields in different geological settings (e.g., Takai
et al. 2001; Reysenbach and Shock 2002; Nercessian et al.
2003; Schrenk et al. 2003; Hara et al. 2005; Nakagawa et al.
2005; Kato et al. 2009a, b, c, 2013a, b). However, these
studies have provided only snapshots of dynamic microbial
communities. Reproduction in the laboratory of both hydro-
thermal systems and their microbial communities will help
us to explore the growth and metabolism of deep-sea vent
microbes and to understand their role in biogeochemical
processes in seafloor vent systems. Furthermore, such hydro-
thermal reactor systems can be used to study past hydrother-
mal processes, perhaps even those in extraterrestrial
environments. For example, Shibuya et al. (2010)
hypothesized that hydrothermal fluids in Archaean hydro-
thermal systems were highly alkaline. Flow-type experimen-
tal systems have a considerable advantage over batch-type
systems where cultivation of microbes is required;
hypotheses such as that of Shibuya et al. (2010) can be
experimentally examined by simulation in a flow-type sys-
tem. The fluids and precipitants so generated will provide
valuable information on the Archaean ocean.
Although batch-type systems have been used to investi-
gate interactions among microbial ecosystems, minerals, and
hydrothermal solutions, flow-through devices have also been
designed to study these interactions (Normand et al. 2002).
Kato et al. (2013a) reported a flow-type hydrothermal reac-
tor system that can simulate microbial and chemical
processes in a deep-sea hydrothermal system. Although the
reactor system has not yet been used to reproduce a
microbial ecosystem, they successfully investigated the dis-
solution of major elements (Si, Na, Al, K, Fe, and P) from
basaltic rocks at high temperature (340 C) and pressure
(40 MPa) under conditions of ultrapure water flow (Kato
et al. 2013a). Their study was the first to demonstrate
dissolution of phosphorus (a major element that is essential
for life) from basaltic rocks in a flow-type hydrothermal
experiment, thus providing important insights into the
sustainability of microbial ecosystems in deep-sea hydro-
thermal systems.
Previous hydrothermal experiments (both batch- and
flow-type experiments) have considered dissolution of the
major elements in rocks, but not the minor elements that
potentially affect the growth of microbes. Our hydrothermal
experiment (described below) provides direct evidence for
dissolution of As, Ni, Zn, Rb, V, and Li from basaltic rocks
at high temperature (340 C) and pressure (40 MPa).
The hydrothermal reactor system we used has been
described in detail by Kato et al. (2013a). In brief, the reactor
system consists of a preheating bath (100 mL), a water–rock
reaction bath (390 mL), and a cooling bath (5 L) (Fig. 7.7).
It is a flow-through system operated by a double-plunger
HPLC pump. The preheating and reaction baths are
equipped with heaters that can heat them to 300 C and
500 C, respectively. Fluid pressure inside the reactor sys-
tem can reach 50 MPa and is maintained by a back-pressure
regulator. Temperatures in the preheating and the reaction
baths, and pressure inside the reactor system, are continu-
ously monitored by a computer connected to the system.
The reaction bath and connected lines are made of Hastelloy
alloy C-276. Other components of the system are made of
SUS316 stainless steel. Cool water pumped into the cooling
bath simulates the mixing of hydrothermal fluids with cool
seawater. The temperature in the cooling bath is maintained
at 5 C by a cooling water jacket.
Kato et al. (2013a) reported the dissolution of major
elements from basaltic rocks under the following conditions:
fluid pressure of 40 MPa, preheating bath at 250 C, reaction
bath at 340 C, and water flow of 6 mL/h. The reactor
system was operated for 1,271 h using basalt samples and
ultrapure water, and for 1,920 h without basalts (blank test).
Fluid samples were collected intermittently from the cooling
bath, and then analyzed by multi-channel ICP-AES
(SPS5500; SII NanoTechnology, Chiba, Japan). The original
concentrations of minor elements in the basalts (also deter-
mined by the ICP-AES) were V, 411 ppm; Rb, 130 ppm; Zn,
91.3 ppm; Ni, 11.1 ppm; and Li, 7.33 ppm.
The changes of concentrations of As, Ni, Zn, Rb, V, and
Li in the collected samples that are the same ones as those
reported by Kato et al. (2013a) during the experiment are
shown (Fig. 7.8). The final concentrations of these elements
are clearly higher than those of the blank test, indicating that
they were dissolved from the basaltic rocks during the
experiment. These elements, if dissolved from basaltic
rocks in deep-sea hydrothermal systems, might support the
growth of microbes living there. Arsenic is used by microbes
in the form of organoarsenicals, which are involved in
microbial cellular functions, or as an electron acceptor
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during anaerobic respiration (Stolz et al. 2006). Nickel and
Zn are necessary for enzymes to function as cofactors (Morel
and Price 2003). Vanadium is used by some microbes as a
cofactor for nitrogen-fixation enzymes (nitrogenase)
(Robson et al. 1986). Lithium and Rb are probably not
essential for life, and their effect on microbial growth is
unclear.
7.2.2.3 Supercritical Water Flow-Type System to
Simulate Amino Acid Reactions
To examine the possible reactions of amino acids in
simulated hydrothermal systems, we constructed a supercrit-
ical water-flow reactor (SCWFR) at Yokohama National
University (Fig. 7.9). The SCWFR is equipped with an
infrared (IR) gold image furnace. The temperature of fluid
in the reaction tube is monitored with thermocouples. We
examined the polymerization of glycine and the stability of
some amino acids under high temperature conditions up to
and above the critical temperature for water.
The sample solution was pumped into the reaction tube
with an HPLC pump. The fluid pressure was kept at 25 MPa
by a back-pressure regulator. Without preheating, the fluid
was rapidly heated (within a few seconds) to 400 C by an IR
gold image furnace. The furnace was equipped with four
26.5 cm quartz–tungsten lamps within a gold-plated body,
and radiated heat uniformly into the reaction tube. The
reaction tube was made of Hastelloy alloy C-276, and
connectors in the high-temperature area of the system were
Fig. 7.7 Photo and schematic diagram of flow-type hydrothermal reactor system described previously (Kato et al. 2013a)
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made of Inconel (INC-200-3). Temperatures both inside and
outside the reaction tube were monitored with
thermocouples. The thermocouple used to monitor fluid
temperature was sheathed with Inconel.
The reactor was used to examine the formation of organic
aggregates from a solution of complex organic compounds
that were abiotically synthesized from a simulated primitive
earth atmosphere by irradiation with high-energy protons
(Kurihara et al. 2012). Under hydrothermal conditions, the
structure of some of the resultant organic compounds
changed, forming organic aggregates. The formation of
organic aggregates such as these might have been an impor-
tant step in the chemical evolution that led to the develop-
ment of life on Earth. The reactor system was also used
below the critical temperature of water. We tested the stabil-
ity and reaction of several amino acids at 200–250 C
(Chandru et al. 2013). The resultant data showed that the
survivabilities of individual amino acids in the simulators
differed. We found that the stability of the amino acids was
constrained by heating time, exposure time to cold
quenching, and the presence and amounts of metal ions
and silica (e.g., Chandru et al. 2013).
7.3 High-Velocity Friction Apparatus
for Simulation of Faulting in an
Earthquake-Driven Subsurface
Biosphere
To simulate faulting, which would generate hydrogen to
sustain methanogenesis, we modified a rotary-shear, high-
speed friction testing apparatus at JAMSTEC to measure the
physical properties of faults (Shimamoto and Tsutsumi
1994; Hirose and Shimamoto 2005). High-speed slip on a
fault under normal stress is simulated in this apparatus by
placing a pair of solid (or hollow) cylindrical specimens end
to end and applying an axial load. Then, one specimen is
kept stationary and the other rotated at high speed
(Fig. 7.10). To measure the concentration of the hydrogen
generated, the experiment was conducted in a pressure ves-
sel attached to a gas chromatograph (Fig. 7.11, Hirose et al.
2011, 2012). Samples for stable isotope analysis were
removed via a septum mounted on the vessel by means of
a gas-tight syringe and stored in a helium-filled glass vial







































































































Fig. 7.8 Changes of
concentrations of As, Ni, Zn, Rb,
V, and Li in samples taken during
experiments conducted using the












Fig. 7.9 Schematic diagram of
Supercritical Water Flow Reactor
(SCWFR) developed at National
Yokohama University (Islam
et al. 2003). GC gas cylinder, R,
reservoir, P HPLC pump, IV
injection valve, IRGF infrared
gold image furnace, RT reaction
tube, TC temperature controller,
TD temperature display, tc1 and
tc2 thermocouples, CB cold bath
(0 C), CJ cooling jacket, UT
outlet tube, BPR back pressure
regulator, ST sampling tube
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spectrometry (Kawagucci et al. 2010). The pressure vessel
was filled with air at a room humidity of ~45 % for most of
the experiments, but for some experimental runs air was
replaced with argon gas to replicate the nominally anoxic
conditions under which earthquakes normally occur.
For our experiments, we used typical rock types of the
Earth’s crust, such as basalt, dunite, granite, marble, and
sandstone. The sliding surfaces of the specimens were first
ground and roughened with 100 grit SiC powder. They were
then either dried in an oven at 100 C for at least twoweeks, or
saturated with distilled water in a vacuum chamber. Sliding
was at a constant velocity of 1.6 m/s under a normal stress of
0.5–2.5MPa for a total displacement of 10m. TheH2 released
was measured by a vessel-mounted gas chromatograph with a
thermal conductivity detector. The H2O used to wet the
specimens and the H2 released from the wet-basalt specimen
were also sampled for stable isotope analyses. We found that
abundant H2 was produced during the friction experiments
and that the amounts of H2 produced were proportional to





























Fig. 7.10 Schematic diagrams
of the rotary-shear, high-speed
friction testing apparatus
(Shimamoto and Tsutsumi 1994)
Fig. 7.11 Photo and schematic diagram of pressure vessel equipped with the friction experiment system (Hirose et al. 2011)
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Friction at a dynamic O-ring seal (Teflon-containing O-
ring: Product No. TOMBO No.2670-FA-F) used in the
reaction vessel to confine the released gas during rapid
sliding (Fig. 7.11, Hirose et al. 2011) contributed to the
measured shear traction. Therefore, to determine accu-
rately the frictional work acting on the fault, the mechani-
cal data must be corrected. To evaluate the friction at the
contact between the O-ring and the outer surface of the
rock, we opened a 1-mm-wide space between the rotational
and stationary specimens and then measured the shear
traction due to O-ring friction only. This experiment was
conducted for all of the rock types we used under the same
conditions as the primary experiments, except that no nor-
mal load was applied. We found that frictional behavior
was independent of rock type. For an applied normal stress
of 1 MPa, O-ring friction contributed ~18 % to the initial
peak and <8 % to the steady-state measured shear traction.
To account for this contribution, we simply subtracted
the shear traction determined in the supplementary
experiments from the raw traction data for each
experiment.
Hydrogen was also released from the O-ring as a result
of abrasive wear and frictional heat during sliding.
We measured the concentration of H2 gas generated only
from the O-ring in all blank experiments by again opening a
1-mm-wide space between the rotational and stationary
specimens and then measuring the H2 gas generated. The
H2 gas concentration from the O-ring varied from 50 to
195 ppm, depending on the initial surface roughness of the
outer surfaces of the specimens and on their outer diameter.
Thus, we determined the amount of H2 generated by faulting
alone by simply subtracting 150 ppm from the raw data from
each experiment (Hirose et al. 2011). The O-ring contribu-
tion of 150 ppm corresponds to between 4 % and 35 % of the
measured H2 during the experiments described by Hirose
et al. (2011). The H2 generated from the O-ring might be a
function of shear displacement. However, because we used a
displacement of 10 m in all experiments, this was not an
important issue.
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